Abstract The aluminium alloy 7075-T6 is widely used in engineering. In some applications, like slurry transport, corrosion and abrasion occur simultaneously, resulting in early material failure. In the present work, we investigated the combined effect of corrosion and wear on the aluminium alloy 7075-T6. We performed two series of wear experiments to vary the conditions and severity of corrosion environment: chemically by using ethanol, deionized water and seawater, and electrochemically by applying various potentials using a potentiostat in seawater. Results show that, in seawater, the wear rate was higher than in deionized and ethanol; and in the potentiostat experiments, at the anodic potentials, the wear rates were higher than at the open circuit potential and the cathodic potentials. Seawater is the most corrosive one among the three liquids and the corrosion products can be easily removed. When applying anodic potentials, corrosion is accelerated, and the higher wear rate confirms that higher corrosion rate leads to higher wear rate due to the formation and removal of corrosion products during tribocorrosion.
Introduction
The aluminium alloy 7075-T6 (AA7075-T6) is used extensively in engineering [1] [2] [3] [4] . This alloy has good mechanical properties, like high-specific strength comparable with high strength steel [5, 6] . It offers the potential of significant reduction of weight, which is vital in some applications [1, 4] . However, the wider use of AA7075-T6 is limited by two main factors: the susceptibility to localized corrosion and the poor tribological properties due to its relatively low hardness and high tendency to adhesion [7, 8] .
Many researchers have studied the localized corrosion of AA7075-T6 [7, [9] [10] [11] [12] . The susceptibility, to localized corrosion, like pitting, intergranular or exfoliation corrosion, is related to the type, concentration and distribution of intermetallics and strengthening particles. They have different reactivities from the matrix, which could lead to galvanic coupling [13] . The intermetallics and strengthening particles have been characterized with techniques like scanning Kelvin probe force microscopy (SKPFM) or micro-capillary studies [14] [15] [16] [17] . In AA7075-T6, Al 7 Cu 2 Fe and (Al,Cu) 6 (Fe,Cu) are the main intermetallics, which are electrochemically less active than the matrix, and therefore they could lead to the dissolution of the surrounding areas [12] . The main strengthening particles contain MgZn 2 and the size is in the range of nanometres. These particles precipitate, during heat treatment or ageing, along grain boundaries. They are electrochemically more active than the matrix, and thus, they may lead to the intergranular corrosion of AA7075-T6 [7] .
In addition to the research of the corrosion properties, the tribological properties of AA7075-T6 have also been studied [8, 18] . In those studies, the effects of surface treatment like plasma electrolytic oxidation or ion implantations on the wear properties of AA7075-T6 have been reported. Sabatini et al. [8] reported that plasma electrolytic oxidation treated AA7075-T6 has an significant increase in wear resistance with respect to the base material. Cristobal et al. [18] concluded that the dominant wear mechanism of AA7075-T6 is adhesive-abrasive and this mechanism is not modified by the implantation process.
However, in some applications, like slurry transport, aluminium alloys are subject to combined corrosion and abrasion, and the two processes may enhance each other, leading to early material failure. The mechanism of combined corrosion and wear, also known as tribocorrosion, is complex, involving mechanical, chemical and electrochemical factors [19, 20] . For AA7075-T6, the mechanism of combined corrosion and abrasion is rarely understood and this work studies it in detail.
This work studies the wear mechanism of combined corrosion and abrasion of aluminium alloy 7075-T6. A modified pin-on disc tribometer, connected with a potentiostat, is used in order to impose intended corrosion conditions. Open circuit potential (OCP), anodic and cathodic potentials are applied. Wear experiments are performed under combined mechanical and (electro)chemical conditions, by means of electrochemical techniques and friction control.
Experimental

Material Preparation
The material, AA7075-T6, was cut to cylinders with 30 mm diameter and 8 mm thickness, to fit the holder of the pin-on-disc tribometer. The main compositions of the material are Al 89.665 %, Zn 5.363 %, Mg 2.55 %, Cu 1.719 %, Cr 0.244 %, Fe 0.184 %, Si 0.115 %. After cutting, all the samples were sanded and polished using silicon carbide sandpaper (up to 2400-mesh) and diamond-containing polishing liquid (down to 1 lm), respectively, until the finish was mirror-like. Before the experiments, samples were cleaned in an ultrasonic bath in acetone to degrease, followed by rinsing and drying. During experiments, an alumina ball, with 6 mm diameter, was used as the counterpart. After each experiment, the ball was either rotated or replaced to assure fresh and similar contact in the beginning of each experiment.
Tribocorrosion Experiments
Tribocorrosion experiments, performed with pin-on-disc tribometry, consisted of two series with different methods to vary the corrosive conditions: chemically using different liquids and electrochemically using a potentiostat in 3.5 % NaCl solution. For both conditions, the load was 8 N and the radius was 5 mm. In the chemical setup, rotational speed was varied from 0.25 to 2.5 Hz (corresponding to 15-150 rpm) and time was varied from 1 to 25 min. Three liquids were used: ethanol, deionized water and 3.5 % NaCl solution (mimicking the typical chlorine concentration of seawater, and henceforward referred to as seawater) to provide non-corrosive, slightly corrosive and strongly corrosive environments, respectively. In the electrochemical setup, a three-electrode cell configuration potentiostat (Autolab) was connected with the pin-on-disc tribometer. In the three-electrode system, the sample acted as the working electrode, and the counter and reference electrodes were graphite and Ag/AgCl, respectively. Additionally, the pin and the sample holder, both originally made of aluminium, were replaced by plastic ones to avoid possible electrical leakage and stray currents. All the electrochemical experiments were performed in seawater. Before applying a certain potential, the open circuit potential (OCP) was measured. Relative to OCP, potentials in both cathodic and anodic domains were applied. Specifically, -0.5 and -1.0 V, relative to OCP, were applied to shift the potential cathodically versus OCP, in order to suppress corrosion. On the other hand, 0.2 and 0.5 V, relative to OCP, were chosen to shift the potential anodically versus OCP, in order to accelerate the corrosion. Before the start of sliding, each sample was immersed in seawater at the applied potential for 180 s, and thereafter the pin was put in the liquid for another 120 s, followed by 300 laps (10 min) of sliding with 30 rpm in speed. After the end of sliding, the pin stayed in contact with the sample for 120 s before lifted. The total time of each electrochemical experiment was 18 min (1080 s). Each test was repeated three times to assure reproducibility. The mean value and standard deviation was calculated and reported to compare groups of data.
Characterization
After the tribocorrosion experiments, the wear track profiles were measured by white light interferometry. The wear rate was calculated by multiplying the area of cross section by the perimeter of the wear track, and then divided by sliding distance [21] . Additionally, Scanning Electron Microscopy (SEM) was used to observe and analyze corrosion morphologies. Multiple locations of the worn and unworn areas were observed by SEM from various magnifications to assure the representativeness. Energy Dispersive X-Ray Spectroscopy (EDS) was used to analyze the chemical composition of particles and corrosion products at the worn and unworn areas.
Results
Wear Response in Different Corrosive Environments
The sample wears the most in seawater, the least in ethanol and the intermediate in deionized water, regardless of rotational speed (Fig. 1a) or time duration (Fig. 1b) . In seawater and ethanol, wear rate remains stable regardless of speed or time duration. For deionized water, at lower rotational speed (0.25 and 0.5 Hz), i.e. longer time intervals, the wear rate is larger than that at higher rotational speed. Figure 2 shows the relationship between wear rate and electrochemical potentials in seawater. The OCP was measured as -0.68 V relative to Ag/AgCl reference electrode. In the anodic domain, as shown in Fig. 2 , the sample wears much more than in the cathodic domain, as well as at OCP. Additionally, when applying a higher potential, in the anodic domain, wear rate increases. At OCP, -0.68 V, wear rate is roughly 0.026 mm 3 /m; when increasing the potential by 0.2 to -0.48 V, wear rate increases sharply to 0.053 mm 3 /m, twice the rate at OCP; when applying an even higher potential at -0.18 V (0.5 V relative to OCP) wear rate increases to 0.067 mm 3 /m. In the cathodic domain, both at -1.68 V (-1.0 V vs OCP) or -1.18 V (-0.5 V vs OCP), wear is comparable with the wear at OCP.
Surface Morphology After Experiments at Various Potentials
The morphology of the unworn area of the samples subjected to various potentials was observed by SEM as shown in Fig. 3 . Grain boundaries are clearly visible as can be seen in Fig. 3a , indicating the occurrence of intergranular corrosion at -1.68 V (-1.0 V vs OCP). Figure 3b shows local trenching, suggesting the occurrence of pitting corrosion, at -1.18 V (-0.5 V vs OCP). At the OCP (Fig. 3c) , localized trenching and corrosion products were visible. In the anodic domain, the unworn area of the samples showed more corrosion products, as can be seen is shown in Fig. 4 . When subjected to the cathodic potential regime, as shown in Fig. 4a , b, the wear mechanism is mainly plastic deformation. Specifically, at -1.68 V (-1 V vs OCP), ploughed grooves are clearly visible, as shown in Fig. 4a ; at -1.18 V (-0.5 V vs OCP), as shown in Fig. 4b , wedges appear in addition to grooves. At the OCP (Fig. 4c) , both grooves and wedges are visible in the worn area, as well as few corrosion products. In the anodic domain, specifically at -0.48 V (0.2 V vs OCP) and -0.18 V (0.5 V vs OCP), the wear mechanism changed drastically. As can be seen in Fig. 4d , e, less grooves appeared, but more corrosion products were visible. The chemical composition of the products at the worn area was similar to that at the unworn area. (Detailed EDS results can be found in supplementary materials).
Current Evolution at Various Potentials
The current evolution with time at various potentials shows the influence of imposed potential on the current, subsequently corrosion (Fig. 5 ). In the cathodic domain, both at -1.68 V (-1.0 V vs OCP) and -1.18 V (-0.5 V OCP), the current was negative, indicating that no uniform corrosion on the whole surface occurred. Specifically, at -1.68 V, the current (*-7.5 mA) was more negative than the current at -1.18 V (slightly below zero). In the anodic domain, the current at -0.18 V (7.84 ± 0.06 mA) was, on average, 4.7 % larger than the current at -0.48 V (7.49 ± 0.01 mA), indicating higher corrosion rate at higher potential in the anodic potentials regime. For both anodic potentials, the positive corrosion current should lead to corrosion products on the surfaces of samples, as indeed observed on both unworn areas and worn areas, as shown in Figs. 3d, e and 4d, e, respectively.
Discussion
AA7075-T6 exhibits various types of corrosion like uniform corrosion, intergranular corrosion, pitting corrosion. in different corrosive environments [11, 22, 23] . The samples show much higher wear rate in corrosive liquid (seawater) than in non-corrosive liquid (ethanol) (Fig. 1) , suggesting that corrosion generally increases wear rate. In deionized water, the wear rate was higher at the low rotational speed (0.25 and 0.5 Hz) than at the higher rotational speed. At lower speed, the sample has a longer time interval to corrode, and more corrosion products can be removed by subsequent sliding, a process involving repassivation and depassivation [24] . This explains the higher wear rate (mm 3 /m) at lower speed in deionized water. At different rotational speeds in seawater, no noticeable difference can be observed, as shown in Fig. 1 . This might be because the corrosion rate of AA7075-T6 in seawater is too fast for rotational speeds in the range of 0.25-2.5 Hz to make a difference [3] .
Corrosion rate (mm 3 /s) is generally determined by the current of the sample according to Faraday's law [25, 26] . In this study, the current at -0.18 V (7.84 ± 0.06 mA) was, on average, 4.7 % larger than the current at -0.48 V (7.49 ± 0.01 mA) (Fig. 5) , indicating that the corrosion rate at -0.18 V is higher than that at -0.48 V by the application of a higher anodic overpotential. The higher corrosion rate corresponds to the higher wear rate, and this is in agreement with the result that the wear rate in seawater is higher than that in ethanol and deionized water, since seawater is the most corrosive one among the three liquids.
When applying a potential in the cathodic domain, corrosion is, in general, suppressed [27, 28] . However, in AA7075-T6, only uniform corrosion can be suppressed, relatively mild localized corrosion still occurs. After the experiment at -1.18 V (-0.5 V vs OCP), trenching was visible on the surface of the sample (Fig. 3b) . The formation of trenching is generally determined by the presence of intermetallics. These intermetallics have different electrochemical potentials relative to the matrix according to the work of Birbilis et al. [12, 29] , who summarized the [9, 10] , as observed and shown in Fig. 3b . The occurrence of trenching implies the existence of localized corrosion, and the wear rate at -1.18 V is still comparable with the wear rate at the OCP (Fig. 2) , suggesting that localized corrosion is the reason that the wear rate at -1.18 V (in the cathodic domain) does not drop noticeably. At -1.68 V, mild intergranular corrosion appeared along grain boundaries as shown in Fig. 3a . In AA7075-T6, the main precipitations of the strengthening particles contain MgZn 2 [7] . These precipitations can create an anodic path for the localized attack along grain boundaries due to their extremely low electrochemical potential [29] , leading to the intergranular corrosion [7, 9] . In this study, intergranular corrosion occurred at -1.68 V (-1.0 V vs OCP), and the wear rate was still comparable with the wear rate at the OCP (Fig. 2) , suggesting that intergranular corrosion is the reason that the wear rate at -1.68 V (in the cathodic domain) does not drop noticeably. In the anodic domain, as shown in Fig. 3d , e, intergranular corrosion, local attack and uniform corrosion were all visible. Besides, in the anodic domain, more generation of gas than at the OCP was observed, indicating the higher intensity of corrosion reaction.
Conclusions
We studied the combined corrosion and wear of AA7075-T6. Wear rate was much higher in seawater than in deionized water and ethanol, because of the high corrosion rate in seawater and the easy removal of corrosion products by subsequent sliding movement. When applying anodic potentials to accelerate corrosion rate, the wear rate became higher than that at OCP, further confirming that the higher corrosion rate leads to the higher wear rate of AA7075-T6 due to the formation and removal of corrosion films during tribocorrosion. When applying cathodic potentials on the sample in seawater, wear rate did not drop noticeably compared to the condition at the OCP. This is due to the occurrence of mild intergranular corrosion caused by strengthening precipitation particles, or localized corrosion caused by intermetallics.
